Introduction
============

Developmental programming is a phenomenon whereby early perinatal nutritional influences have a long-lasting impact on various characteristics in the offspring. Early life food restriction during the suckling period, accomplished by cross-fostering offspring into large litters, results in offspring that remain lean and under-sized compared with control animals.[@R1] A similar phenomenon is obtained when dams are fed a high fat diet (HFD) during the pregnancy and nursing period, though here the weanlings are heavier, and more prone to weight gain under HFD exposure.[@R2] Animals exposed to early-life over-nutrition demonstrate an increased predisposition to diet-induced obesity when exposed to a high-fat diet later in life, indicating that certain elements of this phenotype become visible upon interaction with the postnatal nutritional environment.[@R3]

Adipose tissue homeostasis is increasingly recognized as an important factor in metabolic health. The discovery of the adipocytokine leptin, which is secreted in proportion to adipose tissue mass and serves to regulate metabolism both centrally and peripherally,[@R4]^,^[@R5] revealed that adipose tissue can exert control on metabolic processes occurring elsewhere. Adipose tissue mass is governed by the balance between lipogenesis and lipolysis occurring in the adipose tissue itself.[@R6]^,^[@R7] Hormones such as insulin promote adipose tissue lipogenesis, while leptin, functioning as a signal of adipose tissue sufficiency, inhibits it.[@R7] The process of lipolysis is activated primarily during periods of fasting, and involves the hydrolysis of stored triglycerides into free fatty acids and glycerol. This process is regulated primarily by hormonal factors such as the catecholamines and glucagon.[@R6]^,^[@R8]

Under conditions of food restriction, a number of metabolic adaptations take place throughout the body in order to mobilize energy stored in adipose tissue. As the organism becomes more dependent on fatty acid metabolism, the balance of lipolysis and lipogenesis within adipose tissue necessarily changes as a consequence.[@R9]^-^[@R11] Interestingly, this adaptation has recently been shown to be altered by gestational caloric restriction, suggesting that adipose tissue is subject to developmental metabolic programming.[@R12] On the other hand, offspring of obese dams show alterations in adipose tissue metabolism consistent with greater rates of lipogenesis, and this effect is enhanced by postnatal exposure to a cafeteria diet.[@R13] Models of early-life over-nutrition and maternal obesity are of increasing relevance to western human populations, for as population-wide obesity rates rise so to do the rates of obese and overweight mothers, a state of affairs that may in fact serve to propagate the obesity epidemic across generations.[@R14]^,^[@R15]

With these findings in mind, we hypothesized that early life nutrition may also alter the effect of caloric restriction on adipose tissue metabolism. To test this hypothesis, we employed models of early-life over- and under-nutrition in rats and evaluated the effects of chronic food restriction on body composition ([Fig. 1](#F1){ref-type="fig"}). We also analyzed the expression of adipogenic transcription factors, lipolytic and lipogenic enzymes, as well as the recently characterized fat mass and obesity (FTO) gene.

![**Figure 1.** Experimental design. Pregnant dams were fed ad libitum until birth. Pups were randomly cross-fostered on PND1 into three maternal treatments: 50% food restriction (FR), ad lib (AL), and 45% high-fat diet (HF). Offspring were weaned onto ad lib chow. Baseline body weight and food intake measurement began at PND60. At PND120, half of the animals from each group were switched to chronic food restriction (50% of normal ad lib chow intake) until sacrifice at PND210.](adip-2-237-g1){#F1}

Results
=======

There was no interaction between maternal treatment and sex at any time point ([Fig. 2A and B](#F2){ref-type="fig"}). There were no differences in weight between animals consuming chow ad lib and calorically restricted (CR) animals prior to the onset of caloric restriction ([Fig. 2C and D](#F2){ref-type="fig"}). Calorie restriction led to a significant decrease in body weight in all animals after one week. This effect strengthened over the course of calorie restriction, but because animals in that group were maintained at 90% of their ad lib weight, there was no interaction between caloric restriction and maternal treatment at any time point. Ultimately, restricted animals were sacrificed at 90% of their baseline weight, which invariably constituted a significant difference from baseline ([Fig. 2C and D](#F2){ref-type="fig"}).

![**Figure 2.** Caloric restriction lead to the expected reduction in body weight in both male and female animals (**A and B**). No differences in body weight were seen between groups before or after caloric restriction in males and females (**C and D**). Food intake did not differ between groups either prior to (**E and F**) the onset of caloric restriction. No differences emerged in food intake among animals that continued to consume ad lib diets (**G and H**). Symbols indicate significant Fisher LSD post-hoc comparisons (^\#^*P* \< 0.05; ^\#\#^*P* \< 0.01; ^\#\#\#^*P* \< 0.001) vs. non-calorically restricted animals from the same sex and maternal treatment.](adip-2-237-g2){#F2}

Cumulative food intake over the five-week baseline period was compared by three-factor ANOVA to exclude the possibility of pre-existing differences between the groups. The ANOVA revealed a main effect of sex, with females generally consuming less food than males. However, there was no significant effect of maternal treatment on food intake at any point in the experiment ([Fig. 2E--H](#F2){ref-type="fig"}). Because food intake was experimentally restricted in calorically restricted animals, their consumption data was not analyzed subsequent to the onset of restriction.

Although FR females consuming ad lib chow had a significantly lower percent body fat in the perigonadal fat pad compared with their AL counterparts, there were no other treatment related effects detected in body composition among animals consuming ad lib chow ([Fig. 3A and C](#F3){ref-type="fig"}). When subjected to caloric restriction, HF males showed significantly elevated fat in the perigonadal, retroperitoneal, and subcutaneous fat pads as compared with their AL counterparts ([Fig. 3B](#F3){ref-type="fig"}). A similar effect was observed in females, with calorically restricted HF females showing significantly elevated perigonadal, subcutaneous, and brown adipose tissue as compared with their AL counterparts.

![**Figure 3.** No differences in body fat were seen among males (**A**) consuming ad lib diets; FR females (**C**) showed reduced perigonadal fat. Caloric restriction lead to greater relative fat pad mass in HF males (**B**) and females (**D**). Symbols indicate significant Fisher LSD post-hoc comparisons (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001) vs. AL animals from the same sex and adult diet.](adip-2-237-g3){#F3}

Because our body composition data suggested that maternal treatment elicited a differential response to caloric restriction in adipose tissue, we explored the expression of several genes involved in adipose tissue metabolism. There were no treatment related differences in leptin expression, though it was higher in males than in females, and downregulated in males by caloric restriction ([Fig. 4A](#F4){ref-type="fig"}). Caloric restriction increased CCAAT/enhancer-binding protein α (CEBPα) expression in all animals, though only AL males showed a significant increase ([Fig. 4B](#F4){ref-type="fig"}). Similarly, peroxisome proliferator-activated receptor γ (PPARγ) was significantly increased by caloric restriction in all cases except for female FR rats, where this increase did not reach statistical significance (*P* = 0.06; [Fig. 4C](#F4){ref-type="fig"}). Hormone sensitive lipase (HSL) expression was not altered by caloric restriction in females, though it was significantly increased in both AL and HF males exposed to caloric restriction ([Fig. 4D](#F4){ref-type="fig"}). Carnitine palmitoyltransferase 1a (CPT1a) expression was increased by the calorically restricted diet only in AL males and females ([Fig. 4E](#F4){ref-type="fig"}). Fatty acid synthase (FAS) expression was significantly increased by caloric restriction in HF males and females ([Fig. 4F](#F4){ref-type="fig"}). FAS expression was also increased by caloric restriction in AL males, and there was a trend toward a similar increase in FR females (*P* = 0.061) ([Fig. 4F](#F4){ref-type="fig"}). Lipoprotein lipase (LPL) expression was upregulated by CR only in HF males ([Fig. 4G](#F4){ref-type="fig"}). FTO expression was upregulated by CR in AL males and females as well as in HF males. ([Fig. 4H](#F4){ref-type="fig"})

![**Figure 4.** mRNA expression in perigonadal white adipose tissue from ad lib and calorically restricted adult males and females. Symbols indicate significant Fisher LSD post-hoc comparisons (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001) vs. AL animals from the same sex and adult diet; (^\#^*P* \< 0.05; ^\#\#^*P* \< 0.01; ^\#\#\#^*P* \< 0.001) vs. non-calorically restricted animals from the same sex and maternal treatment.](adip-2-237-g4){#F4}

Discussion
==========

Here we demonstrate that a mild model of developmental programming, though not leading to any obvious phenotypic differences under baseline conditions, can affect the metabolic response to an energetic challenge. There exists a great deal of interest in the hypothesis that early-life nutrition can, by virtue of either its nutritive makeup or caloric content, affect adult health.

Animals that are nutritionally deprived during the perinatal period show a thrifty phenotype, with catch-up growth supported largely by increased feed efficiency.[@R1] Under certain conditions, perinatal under-nutrition can lead to increased susceptibility to obesity and symptoms reminiscent of the metabolic syndrome, particularly when a high-fat diet is introduced postnatally.[@R16]^,^[@R17] This effect appears to be dependent on the timing and magnitude of the post-natal leptin surge, as treating pups with leptin eliminates or attenuates many of these metabolic effects.[@R17]^-^[@R20] Our model of maternal food restriction did not result in any phenotypic changes to body weight, food intake, or body composition, and these measures were not differentially affected by caloric restriction. Because our study did not challenge offspring with exposure to an obesogenic environment in adulthood, we cannot rule out the possibility that these animals would demonstrate a predisposition to obesity similar to that seen in other studies.[@R16] It is also possible that our model did not provide a substantial energetic challenge to the pups. This seems unlikely, as previous work has shown that maternal energy restriction of the type we employed results in a 50% reduction in milk volume.[@R21] Because the reduction in milk volume is accompanied by a reduction in lactose concentration, but an increase in fat concentration, the actual caloric density of the milk is increased, though not by enough to mitigate the reductions in volume available to each pup.[@R21] There are a variety of methods for implementing early life nutritional modifications that vary with regards to timing (pre-, postnatal, or both), magnitude, and method of the manipulation. Early postnatal energy restriction is often achieved by postnatal cross-fostering of pups into oversized litters.[@R1] This model has been shown to produce characteristic phenotypic alterations in undernourished offspring including reduced body weight, food intake, circulating leptin, and anorexigenic neuropeptide expression in the ARC.[@R1]^,^[@R22]^,^[@R23] While the nutrition of the offspring is no doubt altered in this model, the issue of maternal care becomes an unavoidable confound. Reductions in maternal care affect the offspring's stress axis and feeding responses later in life,[@R24]^,^[@R25] and it is not known whether these alterations exacerbate the phenotype caused by the nutritional modification per se. To circumvent this problem, we directly manipulated the dam's energy intake.

Other studies have demonstrated that maternal HFD exposure has an obesogenic effect on offspring,[@R26]^-^[@R28] and it appears that this effect is more pronounced when maternal obesity is induced prior to conception.[@R27] As mentioned earlier, because our study did not include an obesogenic challenge in adulthood, we cannot rule out an interaction between perinatal treatment and the propensity to develop obesity later. In comparison to other studies, our program of HFD exposure was rather mild, as animals exposed maternally to HFD did not show a difference in body weight, fat, or body composition at baseline. However, when subjected to chronic caloric restriction, both males and females in the HF treatment showed a significantly higher percent body fat compared with both AL and FR animals. This occurs in spite of the fact that there were no significant differences in body weight in these animals either before or after caloric restriction. We reasoned that this effect arose from fat-sparing adaptations in adipose tissue metabolism, and indeed found evidence of sexually dimorphic alterations in the regulation of lipogenic and lipolytic enzymes among these animals.

Caloric restriction resulted in a significant increase in PPARγ expression in all cases except FR females, where the comparison only approached significance. This finding confirms the results of a previous study that also demonstrated PPARγ upregulation under caloric restriction.[@R29] The expression of CEBPα was also upregulated in general by caloric restriction, but the magnitude of this effect reached significance only in AL males. This too has been reported as a consequence of prolonged calorie restriction in adult animals.[@R29] PPARγ and CEBPα are transcription factors critical in the adipogenic program.[@R30]^,^[@R31] Chronic caloric restriction also lead to an increase in FAS expression in adipose tissue, though this was limited in males to AL and HF animals, and in females only to HF animals. This increase reflects a tendency for animals to favor fatty acids as a metabolic substrate during calorically restricted conditions, even though the diet remains primarily carbohydrate based.[@R10]^,^[@R32] We also noted upregulation of the lipolytic HSL in AL and HF males exposed to caloric restriction. HSL is regulated to an extent by nutritional status, as it constitutes the first rate-limiting step in lipolysis.[@R6]^,^[@R33]^,^[@R34] A significant increase in lipolytic gene expression was not seen among females. Both male and female AL animals showed significant increases in CPT1a expression under caloric restriction. This enzyme is involved in shuttling fatty acids across the mitochondrial membrane, a key step in fatty acid β-oxidation. The precise kinetics of lipid metabolism that occur during prolonged calorie restriction are not clear at present; however, the tendency for upregulation of lipogenic factors coupled with an upregulation of lipolytic enzymes seems to suggest an accelerated rate of lipid turnover in the adipose tissue. This is likely supported and initiated by upregulation of the adipogenic transcription factors PPARγ and CEBPα. It is interesting to note that in spite of possessing upregulated transcription factor expression, FR males did not show any increase in FAS and HSL expression. This may represent a failure to adapt to the metabolic challenge of food-restriction in an effective manner.

Males maternally exposed to HF were unique in that they showed upregulation of LPL under chronic caloric restriction. LPL is involved in the uptake of free fatty acids from triglycerides circulating within chylomicrons or as protein-bound lipids for incorporation into adipose tissue stores.[@R35]^,^[@R36] In contrast with HSL, the other lipase studied here, LPL is concerned primarily with fat storage.[@R36] Because this upregulation is unique among HF males, it may be the case that LPL is acting here to maintain or replenish fat stores over and above the putative state of constant turnover we observed. This could account for their tendency to maintain a higher percent body fat than their AL or FR counterparts, though such an interpretation is largely speculative without any measure of enzymatic activity.

We also elected to analyze expression the fat mass and obesity associated (FTO) gene in our animals. Large-scale genome-wide association studies (GWAS) have revealed a common single nucleotide polymorphism (SNP) of FTO gene as possessing a strong association with body mass index (BMI).[@R37]^,^[@R38] FTO is widely expressed in the body, including in adipose tissue, and has been suggested to play a role in adipose tissue lipolysis.[@R39] Moreover, FTO expression in the hypothalamus and liver is altered during early-life over-nutrition in a manner that correlates with future weight gain, suggesting it may play a role in metabolic programming.[@R40] Given these findings, we aimed to shed additional light on the function of FTO in lipolysis, and if its regulation is altered in adulthood by early-life conditions. We did not observe a difference in baseline FTO expression; however, we found that it was upregulated by caloric restriction in AL animals of both sexes, as well as HF males. Interestingly, FR animals in both sexes did not show elevated adipose FTO expression under caloric restriction. Studies of FTO expression in human visceral adipose tissue have yielded conflicting results with some reporting a positive,[@R41] negative,[@R42] or no[@R43] relationship between BMI, adiposity, and visceral adipose FTO expression. FTO protein expression in perigonadal adipose tissue was not affected by a 24 h fast in mice.[@R44] Similarly, chronic food restriction in rats did not alter FTO expression in the visceral/mesenteric fat pad.[@R45] The reason for this discrepancy is not altogether clear, and the peripheral regulation of FTO by nutritional status requires further investigation. The possibility that early-life nutritional manipulations can alter the sensitivity of adipose tissue FTO expression to variations in adult energy balance is, however, an intriguing one.

Though all of the fat pads we measured showed similar trends, we elected to carry out our analysis of gene expression in the perigonadal fat pad, as it shows the highest level of transcriptional change in response to caloric restriction.[@R9] The same may not hold for females, as intact females tend to favor utilization of subcutaneous fat stores as opposed to the perigonadal fat pads measured here.[@R46] Perhaps indicative of less metabolically active tissue, females generally showed reduced baseline expression or upregulation of genes such as FAS, HSL, CEBPα, and LPL. Our interpretations are thus complicated by these sex differences. Nevertheless, HF females do show alterations in adipose tissue metabolism that could explain their tendency to maintain a higher percentage of body fat under food restriction. Particularly we noted the failure to upregulate CPT1a and HSL as possible contributors to this effect. An additional factor that complicates our analysis of female gene expression is the fact that females were all sacrificed on the day of proestrus, a period during which food intake, body weight, and orexigenic neuropeptide expression all drop significantly.[@R47] It is possible that the sexually different effects observed therefore result from regional and cyclic difference in the expression of genes investigated here. Further investigation into sex-specific regulation of adipose tissue metabolism, and how it may be upset by early-life influences will be critical in understanding these effects.

We have presented a model of perinatal food restriction and maternal high-fat diet exposure that appears to generate a sex-specific phenotype with regards to body weight, composition, and adipose tissue gene expression in response to chronic calorie restriction. Our data suggest that males and females maternally exposed to HFD show a response to caloric restriction that favors the maintenance of fat stores, possibly through an altered balance of adipogenic and adipolytic gene expression. This may be of relevance to human health, as it illustrates how early-life conditions may modulate the success of dietary food-restriction as a means of losing fat mass. This could constitute an epigenetic mechanism supporting the inheritance of obesity. Further investigation will be needed to clarify energy expenditure, substrate utilization, and adipose tissue enzymatic activity in animals raised under these conditions to further determine the nature of the fat-sparing effect they demonstrate.

Materials and Methods
=====================

Virgin female Long-Evans rats were obtained from Charles River and housed pairwise under controlled lighting (12 h light/dark cycle, lights on at 8:00) and temperature (21 °C). All animals had ad libitum access to standard lab chow (Charles River) and tap water. Following a 10-d acclimation period, females were housed with males until pregnancy could be confirmed by the presence of a vaginal plug. The day of birth was considered PND0. To reduce litter confounds that may have occurred due to littermates sharing the same prenatal environment, pups were randomly cross-fostered on PND1. All litters were culled to between 10--12 pups. Control (AL) dams (*n* = 2) were given ad lib access to standard lab chow (3.3 kcal/g). To induce early postnatal under-nutrition, dams (FR) (*n* = 2) were food restricted from PND1 until PND17 by yoking their food intake to half that of an ad lib control animal. Another set of dams (HF) (*n* = 2) was given ad lib access to a high-fat diet containing 45% kcals from fat (Harlan TD.06415, 4.6 kcal/g) from birth through to weaning. At the time of weaning (PND21), four pups of each sex were randomly chosen from each litter group for inclusion in the subsequent analysis. Pups were group-housed (2--4 per cage) for one month with ad lib access to standard lab chow. At PND60 all offspring were single-housed. Body weight and food intake of all offspring was measured daily from this point onward. Rats were randomly assigned to either an ad lib or calorically restricted diet in adulthood. Assignment was balanced such that each post-natal diet had two animals per sex from each litter. Animals in the adult caloric restriction group were fed 50% of their daily food intake from PND150--210, during which time their body weights were brought to, and maintained at, 90% of their normal ad lib values. If body weight fell below this threshold, daily food was temporarily increased to 75% until weight stabilized. All procedures were approved by the Carleton University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care.

Vaginal smears were collected once daily for at least 8 d prior to sacrifice in female rats. Female rats were sacrificed on the day of proestrus. Animals exhibiting abnormal or arrested cycling were not included in the analysis. Animals were sacrificed by rapid decapitation immediately prior to the time at which food delivery normally took place. Perigonadal fat samples were rapidly removed and frozen on dry ice before being stored at −80 °C for future analysis. Carcasses were collected and frozen at −20 °C for future dissection. Determination of fat pad weight was accomplished by later thawing these carcasses and dissecting and weighing the perigonadal, mesenteric, retroperitoneal, subcutaneous white adipose tissue, and the inter-scapular brown adipose tissue. The weight of each fat pad was calculated as a percent of the animal's total body weight and used for subsequent statistical analysis.

Perigonadal fat samples were homogenized in 500 μl TRIzol using the method provided by the manufacturer (Invitrogen) and reverse transcribed using the SuperScript II reverse transcriptase kit with oligo(DT) primers, using the protocol provided by the manufacturer (Invitrogen). cDNA samples were stored at −20 °C for future use. Quantitative Real-Time PCR was performed in a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad Laboratories) using iQ SYBR Green Super Mix (Bio-Rad Laboratories). Ct values were determined automatically by MYiQ software (Bio-Rad). Quantification of transcripts of interest relative to the internal housekeeping control gene β-actin was determined using the 2^-∆∆Ct^ method.[@R48] The primer sequences for leptin were: sense 5′-TGTGGCTTTG GTCCTATCTG T-3′, antisense 5′-CGACTGCGTG TGTGAAATG-3′. For CEBPα: sense 5′-GGCGGGAACG CAACAA-3′, antisense 5′-TCCACGTTGG CGCTGTTTG-3′. For PPARγ: sense 5′-CTGACCCAAT GGTTGCTGAT TAC-3′, antisense 5′-CCTGTTGTAG AGTTGGGTTT TTTCA-3′. For HSL: sense 5′-CCTACTACAC AAATCCC-3′, antisense 5′-CTCAAAGAAG AGCACTC-3′. For CPT1a: sense 5′-GTGAGGCCAC TGATGAAGGA AGA-3′, antisense 5′-ATTTGGGTCC GAGGTTGACA-3′. For FAS: sense 5′-GAGTCCGAGT CTGTCTCCCG CTTGA-3′, antisense 5′-GCCGTGAGGT TGCTGTTGTC TGTAG-3′. For LPL: sense 5′-GCGCTCCATC CATCTCTTCA T-3′, antisense 5′-GGCAGAGCCC TTTCTCAAAT G-3′. For FTO: sense 5′-AACACCAGGC TCTTCACC-3′, antisense 5′-CACTTCATCA TCGCAGGAC-3′. For β-actin: sense 5′-GAACCCTAAG GCCAACCGTG-3′, antisense 5′-GGTACGACCA GAGGCATACA G-3′.

Adult offspring body weight, composition, food intake, and gene expression data were analyzed with three-way ANOVA with treatment, sex, and adult food restriction status as factors. Significant main and interaction effects were further analyzed with Fisher LSD. Statistical significance was accepted for *P* \< 0.05. Data are presented as mean ± SEM.

Body weight was analyzed at weekly intervals by three-factor ANOVA (maternal treatment × sex × adult food restriction status).
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CEBPα

:   CCAAT/enhancer-binding protein α

PPARγ

:   peroxisome proliferator-activated receptor γ

HSL

:   hormone sensitive lipase

CPT1a

:   carnitine palmitoyltransferase 1a

FAS

:   fatty acid synthase

LPL

:   lipoprotein lipase

FTO

:   fat mass and obesity associated

BAT

:   brown adipose tissue
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